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Preface

Critical to scientific progress is a continual assessment of the
underlying assumptions and methodologies which are brought to bear on the
problems we choose to examine. The Commission on Controlled Source Seismology
(CCSS) has attempted over the past ten years to assess the state of controlled
source seismology by holding intensive workshops where a common data set is
analysed by many individuals or groups. This report summarizes the results of
the most recent workshop which analysed coincident seismic reflection and
refraction data from south central California, USA. The data set, seismic
profile SJ-6, was provided by the U. S. Geological Survey.

The workshop was held from August 15-19, 1985 at FIT (Fuji Institute of
Training), Susono, Shizuoka Prefecture, Japan with fourteen scientists from
various parts of the world in attendance. This meeting was the fourth
workshop to compare the individual analyses of data which had been distributed
to the participants beforehand. The Susono meeting focused on the problems of
interpreting seismic reflection/refraction data from laterally heterogeneous
terranes, and 1ike the previous workshops, discussions during the meeting
enhanced the individual analyses. 1 hope the results summarized in this
report are of value, not only to the Susono workshop participants, but also to
those who were unable to attend.

Lastly, because the CCSS workshops have been so successful, I think
continuing the comparative analyses of seismic data at our future meetings is
important. I urge all members of CCSS to stimulate the activity within the
CCSS by encouraging discussion amongst us of what should be the focus of our
next workshop.

Hideki Shimamura
Hokkaido University

Geophysical Institute
Sapporo, Japan



Introduction

This report presents interpretations by a variety of authors of coincident
seismic refraction and reflection data from central California, USA. The
purpose of this report is to illustrate and document the various approaches to
the analysis of coincident reflection/refraction data currently being employed
by seismologists woridwide. The individual papers reproduced here are revised
versions of the interpretations presented at the 1985 CCSS workshop in Japan.
One of us (AW) has taken the 1iberty of editing the contributions and we hope
that the author's meaning has not been altered by his doing so. It is hoped
that this report will contribute to the sophistication with which such data
gre collected and interpreted, and encourage the collection of new coincident

ata sets.

The data analysed for this report were distributed in December 1984 to
interested individuals who responded to a CCSS circular describing the plans
for the August 1985 workshop. The seismic refraction data were collected by
the U.S. Geological Survey (USGS) in 1982 as part of a larger investigation of
the deep crustal structure of the California Coast Ranges and the adjacent
Great Valley. The seismic reflection data (1ine SJ-6, for San Joaquin Valley
1ine 6) were collected by Western Geophysical in 1981 and were purchased by
the USGS in 1983 to complement the seismic refraction data.

For the purposes of the workshop, neither the seismic reflection nor
refraction data were made available on magnetic tapes. The refraction data
were made available to the investigators in the form of a USGS Open-File
Report that included large plates of the record sections displayed in trace
normalized and true-amplitude format (Murphy and Walter, 1984). The
reflection data were made availble as paper copies of the 12-second record
sections in migrated and unmigrated format. Addtional information distributed
to participants included a location map and a biography of relevant geologic
literature.

To avoid possible biasing of the interpretations, pre-prints or reprints
of USGS interpretations of this data were not distributed to the
participants. No suggestions were made regarding the method or scope of
analysis to be applied to the data. Since the entire data set is rather large
it was suggested that investigators should feel free to choose to limit their
investigations to a portion of the data.

Acknow1edgéments

We thank Prof. Stephan Mueller and Jorge Ansorge (both of ETH, Zurich,
Switzerland) for their early planning of this meeting and Prof. Hideki
Shimamura for his hospitality during the meeting. Not all of the papers in
this volume were presented at the meeting in Japan, and we thank those unable
to attend for mailing us their contributions. Finally, we thank all of the
participants for their enthusiasm and. interest in this study.

The Editors
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Interpretation of coincident seismic reflection and refraction data
in Taterally inhomogeneous structure: A discussion of the results

Walter D. Mooney and Allan W. Walter
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, CA 94025

The papers in this volume present a variety of approaches to the analysis
of coincident seismic reflection and refraction data. In this contribution we
summarize the various methods of analysis applied to the seismic data and
compare various authors' results.

Methods
Several of the papers approached the interpretation of the seismic
refraction data separately from the consideration seismic reflection data.
papers 2 through 5 (see Table of Contents) used some variation of the
following analysis steps (see individual papers for details):

1. Correlation of the phases in the record sections.

2, Identification of these phases as refracted, reflected, or
multiple arrivals on the basis of apparent velocity, curvature
of the phase's traveltime, parallelism with an earlier
traveltime branch, or a similar observation.

3. First-arrival analysis for dipping layers using slope-intercept
methods.

4, Mapping of near-surface velocity variations between shotpoints
using time-term, delay-time or similar methods.

5. One-dimensional (1-D) interpretation of first and secondary
arrivals using Herglotz-Wiechert inversion or rapid iterative
traveltime fitting.

6. Creation of a two-dimensional (2-D) model by joining adjacent 1-D
models and information from steps 3 and 4. Adjustment of the
model via 2-D raytracing.

7. Further refinement of the 2-D model based on the comparison of
synthetic seismograms produced by this model with the observed
refraction data.

Papers 6 through 9 follow the same basic approach, with the difference
that the geometry of the seismic discontinuities in the starting 2-D model was
also constrained by the seismic reflection section. The inclusion of
information from seismic reflection sections can be regarded as step 6A:

6A. Adjustment of initial 2-D velocity model for consistency with
seismic reflection section.

A further refinement of the 2-D model, which has not been presented in
this volume but which has since been applied to this data, is the quantitative
modeling of the seismic reflection section by calculation of the synthetic
seismograms for near-vertical incidence. This is sometimes referred to as
"AIMS modeling" in reference to the commonly utilized software package of
GeoQuest International. Papers 8 and 9 approximated this comparison by
plotting the reflection times on seismic refraction depth sections. We regard
this procedure as the last modeling step:



8. Evaluation of seismic refraction 2-D velocity model by comparison
of the vertical-incidence synthetic seismograms produced by
this model with the observed reflection record section.

Papers 10 and 11 used 1inearized inversion methods to analyse the seismic
refraction data. These methods have the advantage of all inverse methods in
that they are less sensitive to the subjective biases of the data analyst.
However, it is generally more difficult to include known geologic and
geophysical constraints into the inverse modeling, whereas these can easily be
included with iterative forward modeling.

Paper 12 applies image processing techniques to a sample of the seismic
reflection data. The processing method described in the paper is accompanied
by figures which show how various features of the reflection record section
can be either highlighted or muted.

Comparison of the Velocity Models

It is not practical to attempt to compare and contrast all of the velocity
models presented in this volume. Instead, we describe some of the common
features of the models for which the authors have completed at least the first
six of the analytic steps described above. In Tables 1 and 3 we 1ist the
approximate depths to selected velocity contours below each of the shotpoints
and in Tables 2 and 4 we compare the principal structural features present or
absent in the models. Tables 1 and 2 describe models east of the San Andreas
{gg}tséi§4-SP8) and Tables 3 and 4 describe models west of this fault

Overall, the models east of the San Andreas fault are in closer agreement
than those west of the fault. Below, we compare some of the structural
features revealed by these models, but we urge the reader to make his or her
own detailed comparisons by examining the model illustrations presented in
each of the papers.

Models for the eastern section of the SJ-6 profile: SP4-SP7

VeTocity models for the eastern SJ-b profile (Morro Bay to Cholame Valley)
are given in papers 3, 4, 6, 7, 9, 10, and 11, Examination of Tables 1 and 2
reveals that all of the models show: the sediments (1.9-5.0 km/s) thickening
westward across the San Joaquin Valley, the higher velocity (4.0-5.0 km/s)
sedimentary strata elevated between SPS and SP4 by a eastward thinning wedge
of intermediate velocity rocks (5.0-6.0 km/s), and a continuous basement whose
average velocity increases rapidly with depth to over 6.5 km/s. In addition,
the models of papers 6, 7, 9, and 10 include a low velocity zone (LVZ) within
the strata above basement. Paper 10 models the LVZ between SP4 and SP8,
whereas the other papers model the LVZ between SP8 and SP5.

The models mostly differ at the top of the basement. The velocity at the
top of the basement (Vp) is laterally uniform in all of the models except
that of paper 6 which shows Vp decreasing eastward from SP6. West of SP6,
the models of papers 4, 9, and 10 show V, increasing from 6 km/s to 6.5 km/s
over a few kilometers of depth, whereas the models of papers 3, 6 and 7 show
Vb increasing abruptly to 6.4 km/s or greater. All of the models lack
velocity inversions within the basement and all have the higher velocity
contours (6.5+ km/s) rising eastward. Paper 10 models the Moho at 27 km depth
between SP5 and SP6, but we believe this depth is speculative. It is our
assessment that the model which shows the best agreement with both the known
geology and the seismic reflection data is that of paper 6.




Modeis for the western section of the SJ-6 profile: SP1-SP4

Seismic velocity modeTs Tor the western end of the profile (Morro Bay to
Cholame Valley) are given in papers 2, 4, 5, 8, 9, and 10. These models, with
the exception of that of paper 2, all show abrupt changes in the shallow
velocity structure at the Rinconada and San Andreas faults. Between the
Rinconada and San Andreas faults the lower velocity sediments thicken
eastward, and below these sediments, the velocities within the Salinian
batholith are higher than those modeled at equivalent depths within the
Franciscan terranes both west of the Rinconada Fault and east of the San
Andreas Fault. :

The models significantly differ in the structures proposed for the lower
crust. Papers 2 and 10 model the crust below 13 km depth with velocities >6.5
km/s. However, papers 4, 5 and 8 interpret delayed high-amplitude secondary
phases seen on the record sections of shotpoint 1 and 2 as evidence for low
velocity zones within the lower crust. The model of paper 4 shows a velocity
inversion plunging westward from 4 km depth at the San Andreas Fault to 27 km
depth near SP2. In paper 5, the authors project a laterally uniform LVZ
across the model between 12.2 km and 22 km depth. And in paper 8, the authors
identify three separate LVZs within the lower crust: one plunges eastward from
~12.5 km depth beneath SP1 to 22 km depth just west of SP3, the second is
defined at the base of the Salinian batholith (12-14 km depth), and the third
is within the San Andreas fault zone. Both papers 5 and 8 model the base of
the LVZs near 22 km depth; in paper 5, the base is the top of a 7.0-km/s layer
and in paper 8, it is the Moho. Of the two models, we believe that of paper 8
best explains the seismic data in terms of what is presently known about the
geologic and tectonic history of the region.

Conclusions

As evident from the discrepancies observed from model to model, there is
not agreement everywhere along profile SJ-6. The discrepanices are in part
due to the fact that not all of the analyses included all eight of the
interpretational steps list above. For example, some authors adopted lower
crustal velocities from the literature, some assumed laterally uniform
velocities in the middle and lower crust, some did not calculate 2-D
synthetics for their velocity models, and some gave no consideration to the
constraints provided by the reflection data. It is likely that a more
complete modeling by all of the authors would have resulted in closer
agreement amongst the models. .

Nevertheless, even if all of the interpretational steps are completed, the
velocity resolution is still limited by the shortcomings of the data. The
reflection data do resolve the geometry where the reflections are absent or
ambiguous, and in modeling the refraction data, differences in depth can be
traded off against lateral variations in velocity.

The uncertainties in the velocity structure along the SJ-6 profile could
be reduced by minimizing the degrees of freedom in the 2-D model. This could
most easily and cost effectively be accomplished by increasing the density of
the refraction data rather than acquiring additional reflection data. The
velocity resolution would improve immensely with:

1) Closer shotpoint spacings (10-15 km). Ideally, shotpoints should be
Jocated so that the structure between adjacent shotpoints is uniform (i.e.
without any major changes in the dip or composition).

2) Smaller station intervals (<0.5 km). A finer sampling of the travel-
time curves would make it easier to detect and correlate seismic phases.



3) An offset between the outermost reversing shotpoints large enough to

record a reversed P, phase. The lower crustal velocities are better
constrained once the depth and geometry of the Moho is determined.

4) Additional seismic profiles recorded within and parallel to the
structural strike of the terranes crossed by profile SJ-6. These
supplementary profiles would intersect the SJ6 profile thereby tying the
structures of the separate terranes to the modeled cross-section.



Table 1

Eastern SJ-6 profile
Approximate depth to velocity contours
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decimal numbers indicate approximate depth in kilometers

Table symbol code:
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*Paper 10 has two models, 10B is the model of Baranova.



Table 2

Eastern SJ-6 profile
Elements of 2-D velocity models from SP4-SP7:

1. Westward thickening of higher velocity sedimentary units
2. Elevation of higher velocity sedimentary units west of SP5
3. LVZ within strata above basement
4, wWedge of 5.0 to 6.0-km/s rocks west of SP5
5. Continuous westward dipping basement surface
6. Velocity near top of crystalline basement <6.2 km/s at SP6
7. Laterally uniform velocity modeled along top of basement
8. LYZ within basement
9. Lower crust with velocities > 6.9 km/s
10. 6.5-km/s velocity contours rise to depths < 5 km east of SP7
11. Moho modeled: depth (km)
Paper Number in Table of Contents
3 4 6 7 9 10 108*
Element 1. Y Y Y Y Y Y Y
2. Y Y Y Y Y Y Y
3. N N Y Y Y Y N
4, Y Y Y Y Y Y Y
5. Y Y Y Y Y Y Y
6. N Y N N Y Y Y
7. Y Y N Y Y Y Y
8. N N N N N N N
9. - Y Y Y Y Y Y
10. - Y N Y Y Y Y
11, - 27 - - - 27 »30
Table symbol code:
Y = yes
N =no

outside the boundaries of the velocity model

*Paper 10 has two models, 10B is the model of Baranova.
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Table 3

Western SJ-6 profile
Approximate depths to velocity contours
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Table 4

Western SJ-6 profile
Elements of 2-D velocity models from SP1-SP4:

Lateral change in shallow structure across Rinconada Fault
Lateral change in deep structure across Rinconada Fault

Lateral change in shallow structure across San Andreas Fault
Lateral change in deep structure across San Andreas Fault
Depression of velocity contours (LVZ) at San Andreas Fault
Eastward thickening of sedimentary strata between SP2 and SP3
Vave of Franciscan rocks (SP1) < Vave of Salinian batholith (SP3)
LVZ in lower crust beneath SP 2: depth to top (km)

LVZ in lower crust beneath SP 3: depth to top (km)

10. Lower crustal layer with velocities > 6.5 km/s west of SP2

OO0 NI HWN -
.

11, Lower crustal layer with velocities > 6.5 km/s east of SP2
12. Moho modeled: depth (km)
Paper Number in Table of Contents
2 4 5 8 9 10 108*
Element 1. N Y N Y Y Y Y
2. N N N N N N N
3. N Y Y Y Y Y Y
4, N Y N Y - Y Y
5. N Y N Y N N N
6. Y Y Y A\ Y Y Y
7. Y Y N Y Y Y Y
8. N N 9.7 15 - N N
9 N 16.4 9.7 13.5 - N N
10. Y Y Y N - Y Y
11 Y Y Y N - Y Y
12 25 27  »30 22 - - »30
Table symbol code:
Y = yes

N = no
= outside the boundaries of the velocity model

*Paper 10 has two models, 108 is the model of Baranova.



Upper-crustal velocity structure between Morro Bay and the San Joaquin Valley,
California, USA, as determined from seismic-refraction data

Kiyoshi Ito
Regional Center for Earthquake Prediction,
Faculty of science, Kyoto University

The upper-crustal P-wave velocity structure between Morro Bay and the San
Joaquin Valley was modeled from seismic-refraction data provided by the
U.S.G.S. (Murphy and Walter, 1984). The analyzed profile extends
northeasterly from Morro Bay to the Kettleman Hills through four shotpoints
(SP1-SP4) and ~70 observation sites. The total profile length is ~100 km and
the site spacing is 1-3 km. The first-arrival traveltimes from the four
shotpoints were analyzed in two stages to derive a crustal velocity model.

For the first stage, the dipping-layer slope-intercept method was agp]ied
to the first arrivals of the three pairs of adjacent shots: SP1-SP2, SP2-SP3
and SP3-SP4, The apparent velocities of the first-arrivals suggests two
sedimentary layers overlying a crystalline basement. Traveltime curves for
these three refractors were selected to satisfy the reciprocity of traveltimes
between reversing shotpoints. Moreover, the time-term method was applied to
all refractions through the basement layer to determine a mean basement
velocity. The average shot spacing, ~25 km, is too large to determine the
velocity throughout the surface layer, so the surface layer velocity at each
shotpoint was extrapolated to half the distance to the next shotpoint. The
velocity structures calculated for the three pairs of adjacent shotpoints were
combined into a composite 2-D structure by modifying the boundary depths so
that the boundaries continue smoothly beneath SP2 and SP3. v ,

For the second stage of analysis, the 2-D ray-tracing method (Cerveny and
others, 1977) was applied to the composite model; the velocity structure was
then iteratively modified to improve the agreement between the calculated and
observed traveltimes. Observed secondary arrivals from the deep crust were
fit by assuming a horizontally-layered uniform velocity structure similar to
that reported by Walter and Mooney (1982).

The final 2-D velocity model is shown in Figure 1. The velocities within
the sedimentary strata vary from 2.0 to 4.9 km/s, and the velocity at the top
of the basement varies from 5.7 km/s in the southwest to 5.9 km/s in the
northeast. The mean upper basement velocity determined by the time-term
method is 5.9 km/s. Between Morro Bay (SP1) and the San Andreas Fault (SP4),
the depth of the sediment-basement boundary ranges from 3.2 to 2 km with
offsets at the Riconada Fault (SP2) and northeast of SP3. Northeast of SP4,
the basement plunges to ~8 km depth beneath the Kettleman Hills; however, the
depth here is not well-constrained because this section of the profile is
unreversed. Additional horizontal velocity boundaries were inserted in the
model at ~12 and ~25 km depth to define the top of the lower crust and the
Moho; these boundaries were based on the velocity structures reported for
similar geologic terranes (Walter and Mooney, 1982). The lower crust was
assumed to have an average velocity of 6.5 km/s and the velocity below the
Moho was assumed to be 7.9 km/s.

v , References
Cerveny, V., I.A. Moltikov, and 1. PSentik, 1977, Ray method in seismology,
Univ. Karlova, Prague, 214 p.
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Murphy, J. M. and A, W. Walter, 1984, Data report for a seismic-refraction
investigation: Morro Bay to the Sierra Nevada, California, U.S. Geol.
Surv, Open-File Rep. 84-642.

Walter, A. W., and W. D. Mooney, 1982, Crustal Structure of the Diablo and
§22;1?2 Ranges, Central California, Bull. Seism. Soc. Amer. 72, pp.

-1590,

Figure Caption

Fig. 1 Velocity cross-section between Morro Bay and the Kettleman Hills.
Model was derived by 2-D ray-trace modeling of the refraction
traveltimes recorded from shotpoints (SP) 1-4 of 1ine SJ-6.



wy oeouel}siqg

00t¢ 0Ss
1 | | | | | 1 |
6L
9°'9
p'9
- 09
6S
LS
\ m.* J
LY
sy _Lv
t t
c2ds lds

4 sealpuy -uesg

4 epeuoduly

o€
ONG
)]
i o]
—e
-
0 X
b 3
0
MS



12

An interpretation of the seismic-refraction data recorded between
Cholame Valley and the Sierra Nevada, California, USA

Kazuki Kohketsu and Shuzo Asano
Earthquake Research Institute
University of Tokyo, Tokyo, Japan

The crustal velocity structure along the section of 1ine SJ-6 that lies
between the San Andreas Fault and the Sierra Nevada foothills was imaged using
the first-arrival traveltime data recorded from four shotpoints: SP4, SP8,
SP5, and SP6 (Murphy and Walter, 1984)., Data from the adjacent
seismic-reflection survey were used to constrain the model geometry.

Interpretation

1. Western and eastern ends of the profile

The velocity structures at the western and the eastern ends of the
profile, in the Diablo Range and the San Joaquin Valley, respectively, were
obtained by classical dipping-layer analysis of the first-arrival traveltimes
(Fig. 1). In the Diablo Range, the data of SP4 and SP8 reveal a 2.65-km/s
surface layer overlying a 4.45-km/s layer. The 2.65-km/s traveltime branch
has non-zero intercept time at SP8, so an additional thin layer of lower
velocity sediments must exist there. In the San Joaquin Valley the data of
SP5 and SP6 reveal three layers: 1.90, 3.47, and 6.58-km/s, and based on the
results derived for the Diablo Range, we assumed a 4.5-km/s layer exists
between the 3.47 and 6.58-km/s layers.

These initial velocity structures were refiped by ray-tracing calculations
which included the surface topography (SEIS83, Cervefily and Pgénigk, 1983).
The structure was modeled using a 1inear vertical interpolation between
isovelocity interfaces, that is, the model was specified by giving only the
2-D shape of the interfaces and velocities immediately above and below them.
Ray-traced model diagrams and traveltime plots for the eastern and western
ends of the profile are shown in Figure 2.
2. Whole model

We constructed a composite velocity cross-section for the entire profile
(SP4-SP6) by integrating the velocity structures derived for the Diablo Range
and San Joaquin Valley. This was accomplished using the 2-D ray-tracing
method with the following constraints: .

1) For the central section of the profile, SP8-SP5, the initial boundary

shapes were adapted from the seismic-reflection section which shows a

folded structure across South Dome of the Kettleman Hills.

2) Because the velocity of the surface layer differs at the respective

ends of the profile (2.65 and 1.90 km/s), we divided the surface layer

into two segments with different, but Taterally uniform, velocities east

and west of South Dome; the bottom of this layer was then determined by

jterative ray tracings for the profiles SP8 East and SP5 West (Fig. 3a-b).

3) The 3.5-km/s layer observed in the San Joaquin Valley was assumed to

vanish near SP8 because it is not observed in the Diablo Range to the west.

4) A 5.35-km/s layer was introduced into the western half of the model in

order to model the apparent velocities of the first arrivals observed at

ranges beyond 30 km west of SP5 (Fig. 3b) and at ranges 25-50 km east of

SP4 (Fig. 4a).

5) The deepest layer in the composite model was assumed to have a velocity

of ~6.5 km/s because this value was obtained for the fourth layer under
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the San Joaquin Valley. The shape of the upper boundary of the deepest
layer is constrained by the refraction data recorded at distant
observation sites on the reversed profile between SP4 and SP6 (Fig. 4).
The upper boundary of the deepest layer is almost flat from SP4 to 40 km
east from which point it rises eastward under the San Joaquin Valley.

Discussion

Our final composite velocity model is shown in Figures 5 and 6. The
following points remain for further refinement of the model:

1) The vertical boundary in the top layer could be moved horizontally up

to 5 km. If it is relocated, the shape of the lower boundary requires

modification to maintain the agreement between the calculated and observed

traveltimes.

2) An unexplained traveltime advance of 0.2 s is observed ~35 km west of

SP5 (Fig 3b); thus, further adjustments are needed for the upper boundary

of the 5.35-km/s layer under the South Dome.

3) Under the Diablo Range the depth to the upper boundary of the deepest

modeled layer was not well-constrained because the only data available for

constraints are from SP6 West (Fig. 4b).
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An interpretation of the seismic-refraction data recorded along profile SJ-6:
Morro Bay-Sierra Nevada, California, USA

R. F. Mereu
Dept. of Geophysics, University of Western Ontario
London, Ontario, Canada, N6A5B7

Modeling procedure

The seismic-refraction data were modeled using an iterative 2-D
ray-tracing method. First, a simple starting velocity model was created from
a delay-time analysis of the first arrivals. In order to handle both
vertically and laterally varying structures, this mode]l was divided up into a
set of triangular blocks, each with its own linear velocity gradient. This
form of the gradient ensured that the ray-paths traced within each block
formed an arc of a circle, thus enabling the rays to be traced relatively
quickly.

For a given modeling iteration, rays were traced from the source locations
in the model and their calculated traveltimes were compared to the observed
data. Small adjustments were then made to the gradients and boundary
positions to improve the fit between the theoretical and all observed
traveltimes. These adjustments were made by varying both the positions of the
vertices as well as the seismic velocity at each vertex. The modeling
iterations continued until a good fit was obtained between the theoretical and
observed traveltimes. Further refinements to model were then made using a
program which generates synthetic seismograms for laterally and verticall
varying structures. Details of this program were given at the 1983 workshop
held at Einsiedeln, Switzerland (Mereu, 1983).

Modeling results

The final block model for the profile, which required 184 triangles, is
shown in Figure 1. The final velocity model with boundaries and smoothed
velocity contour 1ines is shown in Figure 2a for the section west of the San
Andreas Fault and in Figure 2b for the section east of the fault. Ray-traced
model diagrams for seven of the eight shotpoints, SP1-SP6 and SP8, are shown
in Figures 3a-g, and time-distance plots comparing the calculated traveltimes
and observed traveltimes from these shotpoints are shown in Figures 4a-g.
Synthetic record sections for SP4, SP5, and SP6 are shown in Figures 5a-c.

Conclusions

1) It is assumed that the 6-km/s contour line marks the boundary between the
sedimentary rocks and the basement.

2) Near surface velocities vary laterally from a low value of ~1.9 km/s near
SP5 to ~5 km/s in areas where the sediments are thin or absent such as
near SP2 and SP4.

3) The shallow velocity structure differs east and west the Rinconada Fault.
The basement is closer to the surface on the east side of the fault.

4) The sedimentary strata found west of the San Andreas Fault are
relatively thin and broken compared to those found east of the fault.

5) West of the San Andreas Fault, a reflector, possibly the Moho, is modeled
at a depth of 27 km to account for a set of secondary arrivals seen on the
record section of SP1.

6) The San Andreas Fault effects the refraction observations in that the
refractions do not directly cross it. A wedge of low-velocity material
had to be inserted in the San Andreas frontal zone so that energy arriving



from the west would be deflected downwards and arrive at the surface at a
delayed time. The manner in which this is done may be seen in Figures
3a-c. Interestingly, the fault trace is not imaged by the adjacent
seismic-reflection survey along 1ine SJ-6.

7) East of the San Andreas Fault and west of SP5 in the San Joaquin Valley, an
11-km thick section of sedimentary strata is deformed to such a degree
that the seismic-reflection method poorly images the deep structure in
this area (Fig. 2b). The seismic-refraction observations suggest a
relatively horizontal basement beneath the folded sediments.

8) Across the San Joaquin Valley (SP5-SP7), the basement uniformly rises
towards the surface with the overlying wedge of sediments being
undisturbed.
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Upper-crustal velocity structure along seismic profile SJ-6:
Morro Bay-Sierra Nevada, California, USA

Y. G. Krishna and K. L. Kaila
National Geophysical Research Institute, Hyderabad 500 007, India

Abstract

The upper-crustal P-velocity structure along the line SJ-6 in south
central California has been determined from the analysis of seismic-refraction
data recorded along two overlapping sections of the 1ine: Morro Bay-
Kettleman Hills and Cholame Valley-Sierra Nevada.

Two-dimensional iterative ray-tracing and synthetic seismogram modeling of
the seismic-refraction data recorded along the Morro Bay-Kettleman Hills
section yielded a laterally heterogeneous upper crustal structure with
detailed velocity information across the Rinconada and the San Andreas
faults. Southwest of the Rinconada Fault, the basement is at 4-5 km depth;
northeast of the fault, it is uplifted to ~2 km depth and dips gently toward
the San Andreas Fault. Northeast of the San Andreas Fault, the basement
plunges to ~10 km depth under the Kettleman Hills. The P-velocity of the
crust increases with depth to 6.1 km/s at 9.6 km depth, below which, a
prominent low velocity layer (LVL) of 5.2 km/s velocity is inferred to extend
to a-depth of ~22 km. The LYL coincides with the observed cutoff of the
seismicity at ~10 km depth in central California.

Analysis of first-arrival traveltime data along the Cholame Valley-Sierra
Nevada profile yielded a refraction depth section which reveals some of the
important structural features in the Diablo Range, Kettleman Hills and the San
Joaquin Valley. In the Diablo Range, ~5.9-km/s Franciscan assemblage rocks
underlie a 5-6 km thick section of 4.4-4.6-km/s Great valley sequence. The
underlying ~7.0-km/s basement has a continuous downdip from the eastern margin
of the San Joaquin valley westward to the Diablo Range.

Introduction

A combined seismic refraction and reflection data set from west central
California and its interpretation in terms of laterally heterogeneous crustal
structure was discussed during the 1985 CCSS Workshop at Susono, Japan. The
entire data set consists of three parts: 1) a ~130-km-long seismic-refraction
profile extending eastward from Cholame valley to the Sierra Nevada; 2) a
~100-km long seismic-refraction profile extending northeastward from Morro Bay
to the Kettleman Hills; and 3) a ~100-km VIBROSEIS reflection section of ~12 s
two way time, extending from ~25 km west of the San Andreas Fault eastward
through the Diablo Range to the San Joaquin Valley. In this paper we present
a detailed analysis of the data set part 2 and a preliminary interpretation
of the data set part 1. Figure 1 shows the location map for the SJ-6
seismic-reflection and seismic-refraction profiles.

Morro Bay-Kettleman Hills seismic-refraction profile

Data

This 100-km-1ong SW-NE profile crosses two major faults, the San Andreas
and Rinconada Faults, which respectively define the northeast and southwest
borders of the Salinian block (Murphy and Walter, 1984). About 70 observation
stations, spaced 1-3 km apart, recorded four shots, SP1-SP4, spaced 20-25 km
apart. True-amplitude and normalized record sections of the trace data,
tables of the shotpoint and station locations, and tables of the first-arrival
times were provided by the USGS. To model the velocity structure, we used the
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first-arrival traveltimes as supplied, as well as the traveitimes of the
?;?minegtsiecondary arrivals that we picked from the supplied record sections
gS. - .

Modeling and interpretation
The following methods of modeling and interpretation were used to

construct the 2-D upper-crustal velocity structure between Morro Bay and the
Kettleman Hills.

1. Identification and correlation of refracted and reflected phases on the
individual record sections as shown in Figures 2 to O.

For example, on the record sections of SP1 and SP2 (Figs. 2-3), a
prominent secondary phase at 4-5 s reduced time is more or less parallel to
the first arrivals (Pgq ghase) which are attenuated beyond distance ranges of
70 km and 50 km, respectively. The occurrence of the attenuation together
with the delayed secondary phase suggests a low velocity layer (LVL) within
the lower crust. Therefore, we interpret the prominent secondary phase to be
a wide-angle reflection from the base of the LVL.

2. Analysis of first-arrival traveltime data, using various shotpoint pairs,
by applying the aipping-layer sTope-intercept method and 1nferr1ng the

refracting boundaries.

Figure 6 shows the velocity-depth section derived from this simple method
of analysis. In the cross-section, two sedimentary layers are discontinuously
delineated with velocities between 2.3 and 5.0 km/s and the basement has a
velocity of 5.7-5.8 km/s. The abrupt deepening of the basement southwest of
SP2 results from an offset at the Rinconada Fault. Northeast of the San
Andreas Fault (SP4), the basement plunges beneath the thick sedimentary cover
of the Kettleman Hills.

3. Inversion of Py traveltimes by the Herglotz-Wiechert method for various
sections to degermine the velocity gradient at shallow depihs.

4, Deriving 1-D velocity models at the shotpoints by travel-time and
amplitude modeling in reversing directions along profile.

An improved velocity model was derived using a 1-D ray-tracing computer
a1?or1thm (LAUFZEIT). The velocity-depth functions near each shotpoint were
refined iteratively until a good fit was obtained between the computed and the
observed traveltimes. These functions were then used to compute ray-synthetic
seismograms (Lervefy and others, 1977), and where necessary, adjustments were
made to the functions to improve the agreement between calculated and observed
amplitudes.

A total of seven velocity-depth functions were derived between SP1 and
SP4. The models for SPINE and SP2NE reveal an LVL from ~9 to 22 km depth with
a minimum velocity of 5.2 km/s, and the models for SP3SW and SP3NE show a
slightly thicker LVL. Comparison of the final synthetic record sections (Fig.
8 to 11) with the observed record sections reveals that the synthetic
wide-angle reflection from the bottom of the LVL (~22 km depth) reasonably
matches the observed large-amplitude secondary arrivals.
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5. Two-dimensional travel-time modeling by iterative ray-tracing.

Inthe Z-D modeTing of traveltimes we considered only three phases: 1)
waves refracted in the heterogeneous layers above the LVL ; 2) waves reflected
from the top of the LVL; and 3) waves reflected from the bottom of the LVL.

The algorithm chosen for 2-D modeling is based on standard ray method in
its zero-order approximation and is described in detail by Tervefly and P¥entik
(1981). The 1-D velocity models described above were used to construct a
starting model for {terative 2-D ray-tracing. The velocity model was then
adjusted over several interations to improve the fit between the calculated
and observed data. Figure 12 shows our final 2-D velocity model for the Morro
Bay-Kettleman Hills profile plotted as isovelocity contours; in Figure 13 the
same model is shown subdivided by symbol fields into selected velocity
ranges. Velocity-depth functions at various distance ranges along the model
are shown in Figure 14. The traveltime curves calculated using this model are
plotted on the record sections in Figures 2 to 5; the associated ray-diagrams
are shown in Figures 15 to 18.

The 2-D model has a laterally heterogeneous upper crust down to the LVL
with changes in structure evident on opposing sides of the Rinconada and the
San Andreas fault zones. In the lower crust the velocities are not
well-constrained by the refraction data, so we assumed a horizontal LVL with a
uniform velocity of 5.2 km/s between 9.6 and 22.0 km depth; below this LVL, we
assumed a uniform velocity of 7.0 km/s to a depth of 30 km.

6. Synthetic seismograms for the two dimensional model computed using the
software SE1S 81 (Cerveny and PSentik, 1981).

Figures 19 to ZZ show the normalized synthetic record sections for
SP1-SP4, Comparing the data in Figures 2 to 5 with the synthetic record
sections in Figures 19 to 22, we conclude that the main features observed in
the data, including the wide-angle reflection from the bottom of the LVL, are
adequately reproduced by the synthetics.

Discussion of the model

Comparing the simple model shown in Figure 6 with the further refined 2-D
model shown in Figure 12, we conclude that the latter reveals more details of
the velocity structure. However, if we assume the 5.6 km/s isqvelocity line
represents the basement P-velocity, the basement configuration in the two
sections is similar, Overall the basement dips northeast and abrupt depth
changes are evident near both the Rinconada“and the San Andreas faults:
southwest of the Riconada Fault the basement is at depth of 4-5 km, but
between the Rinconada and San Andreas faults the basement is uplifted several
kilometers (2-km depth at SP3), and northeast of the San Andreas Fault (SP4),
the basement plunges to great depths.

It is interesting to compare the depths of the seismicity in west central
California with the velocity depth-section derived in the present study. In
the Coyote Lake area of the Calaveras Fault, a branch of the San Andreas Fault
~200 km north of the SJ-6 profile, the majority of the hypocentral locations
are between 5 and 10 km depth (Reasenberg and Ellsworth, 1982). It is a
interesting coincidence that most of the seismicity there occurs above the top
of our modeled LYL. Possibly the presence of a LYL is responsible for the
observed cutoff of seismicity. Nevertheless, with the growing interest in
accurate hypocentral locations, detailed information on the 2-D crustal
velocity structure in central California is vital, so we hope that the model
derived in the present study, maybe with some refinement, will be useful in
this direction.
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Cholame Yalley-Sierra Nevada profile

Data

This ~130-km-long profile extends eastward from the Cholame Valley across
the Diablo Range, the Kettleman Hills and the San Joaquin Valley to the Sierra
Nevada foothills. Seismograph stations spaced 0.5-3.0 km apart were used to
record five shots spaced 20-30 km apart: SP4, SP8, SP5, SP6 and SP7 (Murphy
and Walter, 1984). The explosive charge at the easternmost shotpoint, SP7,
failed to detonate completely, so reversing traveltime data exists only
between SP4 and SP6.

We confined our analysis to the first-arrival times and used the provided
traveltime tables to construct traveltime curves. The time available to us
for analysis was insufficient for the construction of an iterative ray-trace
model, so we analysed the traveltime curves using the dipping layer
slope-intercept method. The refraction velocity-depth section obtained using
this simple method of analysis reveals interesting structural details which
are presented below.

Analysis of the first-arrival traveltime data

Composite traveltime curves for the five shots are plotted on their
respective record sections in Figures 23 to 27. We made use of all possible
combinations of shotpoint pairs to analyze the reversed refraction data. For
this purpose we adopted the single-ended refraction data analysis of
Cunningham (1974) as well as the split-spread refraction data analysis of
Johnson (1976). However, we slightly modified these two techniques in order
to replace the planar dipping refractors by more realistic structures with
possible undulations. In our analysis, we reduced the computation to a
two-layer case by approximating the vertically inhomogeneous structure above
the refractor by a single velocity, the average velocity of the entire
overburden. Adequate care was taken to satisfy the required reciprocity of
traveltimes for a particular refractor between a given pair of shotpoints.
Figure 28 shows the velocity-depth section thus derived for the profile.

Discussion of the model

SP4 is situated in Tertiary sedimentary rocks of the Diablo Range which
have a near surface velocity of ~3.05 km/s. Between SP4 and SP8, the
refractor delineated by a velocity of 4.4 to 4.6 km/s at depths of 1.0 to 1.5
km is inferred to be a Cretaceous sedimentary unit of the Great Valley
Sequence (GVS) because similar velocities were reported for the GVS elsewhere
(Mooney and Walter, 1980). The thickness of the GVS in this region appears to
be 5-6 km. Underlying the GVS is a refractor with a velocity of ~5.9 km/s,
which is the velocity reported for the Franciscan assemblage in the central
Diablo Range (Walter and Mooney, 1982). Thus, we conclude that the Franciscan
assemblage also underlies the Great Valley Sequence here.

Farther eastward, between SP8 and SP5, the seismic-reflection time-section
shows a very compljcated folded and faulted structure near the Kettleman
Hills. Although it is not possible to resolve all structural details using
the first-arrival refraction data, the refraction data from SP5 and SP8 do
support an upwarp of the 5.9-km/s refractor in this area.

Within the San Joaquin Valley the near surface sediments between SP5 and
SP7 have velocities of 1.7-1.9 km/s and overlie Tertiary units with velocities
of 2.8-3.3 km/s. The other refractors discussed above, the GVS and Franciscan
assemblage, appear to pinch out eastward and are not evident east of SP6. The
basement beneath this sedimentary cover rises continuously eastward as evident
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from both the seismic-reflection data and the high apparent velocities
(7.6-7.8 km/s) observed east of SP4, SP5 and SP6. According to our refraction
calculations, the basement between SP4 and SP7 rises from ~10.5 km to ~3.0 km
depth and has a true velocity of ~7.0 km/s. This velocity is typical of the
mafic crystalline rocks found in oceanic terranes.

Comparison with the structural model derived from the seismic-reflection data
In Figure 29 we reproduce a regional geologic map of California which
shows the locations of several E-W seismic-reflection profiles that cross the

Great Valley between the Sierra Nevada and the Coast Ranges (Wentworth and
Zoback, 1986). On the basis of these seismic-reflection 1ines and other
geophysical and geologic evidence, Wentworth and others (1984) modeled the
eastern margin of the Franciscan assemblage as a wedge thrust eastward between
the Great Valley Sequence and underiying mafic basement. Their model shown in
Figure 30 is similar our seismic-refraction model (Fig. 28); thus, even our
simple refraction analysis without ray-tracing revealed the main structural
elements lying between the San Joaquin Valley and Diablo Range.

Conclusions

Proper identification and correlation of observed phases in the record
sections is the most important step in the interpretation of seismic-
refraction profiles. Even one dimensional modeling, if carried out with
extreme care, can lead to results which need only a few iterations of 2-D
modeling to obtain a satisfactory reproduction of the observations. In
regions of smooth structural variations, the two-way times computed to various
horizons using the refraction velocity models match reasonably well with the
events observed on the seismic-reflection time seismic sections. In regions
where the structure is complicated the available refraction data are not
sufficient to delineate the structure. Here both seismic refraction and
reflection profiling are needed to resolve the structure with adequate
velocity information.

In summary, for the Morro Bay-Kettleman Hills profile, 2-D iterative

ray-tracing and synthetic seismogram modeling of the refraction data yielded:
1) A laterally heterogeneous upper crustal velocity structure which has
major changes occurring across the Rinconada and the San Andreas faults.
2) A basement in which the velocity increases to 6.1 km/s at 9.6 km depth.
3) A low velocity layer with a velocity of 5.2 km/s between 9.6 and 22.0
km depth. The depth to the top of the LVL is approximately the cutoff
depth for the seismicity observed in central California.

The dipping-layer analysis of first-arrival refraction data of the Cholame
Valley-Sierra Nevada profile yielded:

1) in the Diablo Range, a 5-6-km thick section of Great Valley Sequence

rocks (4.5 km/s) underlain by an eastward thinning wedge of Franciscan

rocks (5.9 km/s).

2) in the San Joaquin Valley, a westward thickening section of sedimentary

st;a%a (1.9-3.3 km/s) underlain by a westward dipping mafic basement (7.0

km/s).

Acknowledgements
We are grateful to the Director, National Geophysical Research Institute,
Hyderabad, for kind permission to publish this paper. Our thanks are also due
to Prof. H. M. Iyer, U.S. Geological Survey (presently at NGRI) for helpful
discussions and to Messers A.S.N. Murthy and A. R. Sridhar for their help in
the compilation of the results.



References

Cervehy, V., and 1. PSent{k, 1981, SEIS 81 Computer Program, 2-D seismic ray
package, Prague.

ferveﬁ » V., 1.A, Moltikov, and 1. P¥en¥{k, 1977, Ray method in seismology,

Univ, Karlova, Prague, 214 p.

Cunningham, A.B., 1974, Refraction data from single-ended refraction
profiles, Geophysics, 39, p. 292-301.

Johnson, S.H., 1976, Interpretation of split-spread refraction data in terms
of plane dipping layers, Geophysics, 41, p. 418-424,

Mooney, W.D., and A.W. Walter, 1980, Seismic-refraction studies in the coast
ranges, central California, (Abstract), EOS, 62, p. 328,

Murphy, J.M., and A.W. Walter, 1984, Data report for a seismic-refraction
investigation: Morro Bay to the Sierra Nevada, California, U.S. Geol.
Surv, Open-File Rep. 84-642,

Reasenberg, P., and W.L. Ellsworth, 1982, Aftershocks of the Coyote Lake,
California earthquake of August 6, 1979: a detailed study, J. Geophys.
Res., 87, pp. 10637-10655.

Walter, A W., and W.D. Mooney, 1982, Crustal structure of the Diablo and
Gabilan Ranges, central California: a reinterpretation of existing data,
Bull, Seism. Soc. Am., 72, pp. 1567-1590,

Wentworth, C.M,, M.C. Blake, Jr., D.C. Jones, A.W. Walter, and M.D. Zoback,
1984, Tectonic wedging associated with emplacement of the Franciscan
assemblage, California coast Ranges, Soc. Econ. Paleon. and Mineral.,
Pacific Section, 43, p. 163-173.

Zoback, M.D,, and C.M. Wentworth, 1986, Crustal studies in central
California using an 800-channel seismic-reflection recording system, in
M. Barazangi and L. Brown eds., Reflection Seismology: A Global -
Perspective, Geodynamics Series 13, p. 183-196,

Figure Captions

Fig. 1 Map showing location of the two seismic-refraction profiles
recorded along seismic-reflection 1ine SJ-6 in south central
California: Morro Bay-Kettleman Hills profile (shotpoints
ggi-sgg% and Cholame Valley-Sierra Nevada profile (shotpoints

"S . )

Figs. 2-5 Morro Bay-Kettleman Hills profile: The normalized record
sections of shotpoints SP1-SP4 superimposed with the traveltime
curves calculated using the final 2-D velocity model (Fig. 12).

Fig. 6 Morro Bay-Kettleman Hills profile: The upper-crustal velocity
cross-section derived from the analysis of first-arrival
traveltime data.

Fig. 7 Morro Bay-Kettleman Hills profile: The velocity-depth functions
derived to compute ray-synthetic record sections for SP1-SP4
(Figs. 8-11),

Figs. 8-11 Morro Bay-Kettleman Hills profile: The normalized ray-synthetic
record sections for SP1-SP4 computed using 1-D velocity models

(Fig. 7).

Fig. 12 Morro Bay-Kettleman Hills profile: The final 2-D upper-crustal
velocity model derived by iterative ray-tracing.

Fig. 13 Morro Bay-Kettleman Hills profile: The final velocity model

(Fig. 12) %reseq;ed in the format output by the SEIS 81 computer
program (Cervefy and P¥ent{k, 1981).
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Fig. 14
Figs. 15-18
Figs. 19-22

Figs. 23-27

Fig. 28

Fig. 29

Fig. 30

Morro Bay-Kettleman Hills profile: The velocity-depth functions
at selected points along the final velocity model (Fig. 12).
Morro Bay-Kettleman Hills profile: The ray-diagrams for
shotpoints 1-4 computed using the final velocity model (Fig. 12).
Morro Bay-Kettleman Hills profile: The normalized ray-synthetic
record sections for shotpoints 1-4 computed using the final
velocity model (Fig. 12).

Cholame Valley-Sierra Nevada profile: The normalized record
sections of shotpoints 4-8. The apparent velocities of the
first arrivals are labeled in km/s.

Cholame Valley-Sierra Nevada profile: The upper-crustal velocity
cross-section derived from the analysis of first-arrival
traveltime data.

Regional geologic map of California showing the E-W
seismic-reflection profiles located between the Great Valley and
Coast Ranges that were analysed by the U.S.6.S. (reproduced from
Zoback and Wentworth, 1986).

Geologic interpretation of the west half of reflection 1ine CC-1
(Fig. 29) showing an inferred wedge of Franciscan assemblage
rocks thrust between the Great Valley basement and the overlying
Great Valley sedimentary rocks (reproduced from Zoback and
Wentworth, 1986).
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Combined interpretation of seismic-refraction and reflection data
along the Cholame Yalley-Sierra Nevada segment of the SJ-6 profile,
California, USA

A. Egger and J. Ansorge
Institute of Geophysics, ETH Hoenggerberg, CH-8093 Zurich, Switzerland

The following comments summarize a partial interpretation of the seismic-
refraction and reflection data recorded along 1ine SJ-6 in south central
California. These data were provided by the U.S. Geological Survey (Murphy
and Walter, 1984) for the 6th workshop of the IASPEI Commission on Controlled
Source Seismology (CCSS) on the "Interpretation of Seismic Wave Propagation in
Laterally Heterogeneous Structures". Our work focused of the determination of
the upper-crustal structure along the section of the SJ-6 line extending from
the San Andreas Fault across the Diablo Range, the Kettleman Hills and San
Joaquin Valley to the Sierra Nevada batholith. This section passes through
the five shotpoints labelled from west to east SP4, SP8, SP5, SP6 and SP7.

Method of analysis

The seismic-refraction data were modeled using a 2-D ray-tracing program
which was originally developed by Gebrande (1976) and later modified. In this
program, the layers of the model are defined by velocity isolines which are
continuous across the model; the velocities are then interactively adjusted to
improve the agreement between the calculated and observed traveltimes. Layers
can have negligible thickness.

We started modeling the refraction traveltime data where the reflection
time-section shows the least complicated sedimentary structure, between SP5
and SP6 (Figs. 1 and 2). The short-range refraction data did allow resolution
of individual sedimentary layers, so the major structural interfaces were
taken from the reflection data. Velocities assigned to the layers in the
starting model were chosen from the observed apparent velocities of the first
arrivals. Outpinching layers were modeled in accordance with the geological
map of California, especially across the folds visible on the reflection
time-section between the San Joaquin Valley and the Diablo Range. Additional
constraints were taken from Wentworth and others (1983) who have interpreted
the same data. By working our way westward towards SP8 and SP4 (Figs. 3 and
4) and eastward to SP7 (Fig. 5) we were able to construct an upper-crustal
ve}$city model (Fig. 6) which satifies most of the refraction data reasonably
we L]

Upper crustal velocity model

The overall model (Fig. 6) is characterized by a smoothly westward dipping
interface between the sedimentary layers and the crystalline basement. The
velocity at the top of the basement increases continuously westward from 5.5
km/s near the surface contact with the Sferra Nevada batholith to 6.6 km/s at
a depth of ~15 km close to the San Andreas Fault (Fig. 6). The buried contact
between the supposedly mafic basement on the west and the Sierra Nevada
batholith on the east could not be located using the available seismic data.
The velocity gradient in the basement had to be reduced eastward to satisfy
the apparent velocities observed in the eastern part of the San Joaquin
Valley, particularly those observed from SP7.

The sedimentary structure located between SP5 and SP8, the Kettleman Hills
and Pyramid Hills, is probably oversimplified. In our model the well-defined
deeper sedimentary layers of the San Joaquin Valley extend continuously with
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increasing thickness all the way to SP4 where they outcrop at the surface.
Here, their thickness amounts to ~4 km, whereas the greatest depth of these
units, ~8 km, is reached under the Kettleman Hills anticline. The remaining
wedge of material found below the sedimentary strata west of the Kettleman
Hills has velocities between 5.2 km/s and 5.55 km/s and could belong to the
Franciscan assemblage.

Some doubts remain about the smooth continuation of the upper crustal
structure, especially between SP4 and SP5. Travel-times computed from SP4 and
SP8 eastward to respective distance ranges of 50-70 km and 40-60 km are early
compared to the observed times (Fig. 3 and 4); in contrast, those computed
from SP5 westward to ranges of 20-40 km are late (Fig. 1). Although we could
not resolve this discrepancy, the detailed transition from the San Joaquin
Valley to the Franciscan units of the Diablo Range could possibly be resolved
by interpreting the reflection data more carefully.

Acknowledgements
We would like to thank W. D. Mooney and the U.S. Geological Survey for
providing this excellent set of data.
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Figure Captions

Fig. 1 Observed (X) and calculated (+) traveltime-distance plots and the
ray-traced model diagram for shotpoint SP5. Distances are measured
from SP4.

Fig. 2 Same as Fig. 1 for SP6.

Fig. 3 Same as Fig. 1 for SP8.

Fig. 4 Same as Fig. 1 for SP4.

Fig. 5 Same as Fig. 1 for SP7.

Fig. 6 Velocity-depth section derived between the San Andreas Fault (SP4)
and the Sierra Nevada batholith east of SP7.
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An interpretation of seismic reflection and refraction data recorded between
Cholame Yalley and the Sierra Nevada, California, USA

Allan W. Walter, Walter D. Mooney, and Carl M. Wentworth
U.S. Geological Survey
345 Middlefield Road, MS-977
Menlo Park, California, USA 94025

Introduction
The seismic reflection/refraction data set recorded along profile SJ-6
consists of two sections. One section extends northeastward from the coast at
Morro Bay to the San Andreas Fault (refraction shotpoints 1-4), and the other
extends from the San Andreas Fault to the Sierra Nevada (refraction shotpoints
4-7). This report summarizes our interpretation of eastern portion of the
combined data set and is based on Wentworth and others (1983).

Seismic refraction data

Geographically, the data between the shotpoints (SP) 4, 8, 5, 6, and 7
encompass the Diablo Range (part of the Coast Ranges of California), the
Kettleman Hills and the San Joaquin Valley (figures 1 and 2; Murphy and
Walter, 1984). Two examples of refraction data with the calculated traveltime
curves superimposed are shown in figure 3. The data of SP4 are characterized
by apparent velocities less than 6.0 km/s to a range of 50 km, and by apparent
velocities well in excess of 6.0 km/s beyond 50 km (figure 2a). The unusual
arched shape of this traveltime curve is indicative of strong lateral velocity
variations. We do not have a complete reversal of the profile since SP7 was
an unsuccessful shot. However, the data from SP6 are very clear and show Pg
apparent velocities somewhat greater than 6.0 km/s to the west of the shot
go;nt, and apparent velocities much greater than 6.0 km/s to the east (figure

b).

Iterative 2-D raytracing was used to model the observed traveltimes for
SP4, SP8, SP5, and SP6. The resultant 2-D velocity model (figure 4, Wentworth
and others, 1983) shows some important features:

1) West of the Kettleman Hills, velocities greater than 6.4 km/s are found

at depths greater than 15 km. .

2) East of the Kettleman Hills, velocities greater than 6.4 km/s are found

as shallow as 6 km. However, it is difficult with the present refraction

data to determine the manner in which the 6.5 km/s layer deepens to the
west.

3) Beneath and to the west of the Kettleman Hills the velocities above

the 6.5 km/s layer range from 1.8 to 5.9 km/s, and no LVZ is interpreted

within the crust.

4) East of the Kettleman Hills, velocities above the 6.5 km/s layer range

from 1.8 to 4.8 km/s and a LVZ is interpreted at a depth of 4-6 km.

5) Beneath the Kettleman Hills is an area of complex variations in

velocity structure. The present refraction data are insufficient to model

this structure in detail.

6) West of the Kettleman Hills beneath SP8 Franciscan assemblage rocks

(velocity of 5.7 km/s) underlie rocks of the Great Valley sequence. This

conclusion is contrary to previous geologic models of the structure in

this region.

Seismic reflection data
The seismic reflection profile which complements the refraction data is a
6-second VIBROSEIS profile collected in 1981 by Western Geophysical Company.
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A portion of the profile was reprocessed to recover an additional 6 seconds of
records. An interpretation of the seismic refiection data profile between the
refraction shotpoints SP4 and SP6 is reproduced from Wentworth and others
(1983) in figure 5, and an example of the data is shown in figure 6. Figure 5
is at the same scale as figure 4 to facilitate comparison.
Some key structural features of this reflection interpretation are:
%) 1he western San Joaquin Valley is underlain by gently westward-dipping
orizons.
2) West of the valley, an anticline is evident at the Kettleman Hills, and
a syncline is located immediately to the west (at 30 km on the distance
scale of figure 5).
3) The deeper structure of the fold is interpreted with both
northeast-dipping reverse faults and a southwest-dipping thrust fault
beneath the anticline.
4) Under the Kettleman Hills the mafic basement underlying the valley
steepens its dip reaching a depth of 15 km or greater beneath the
easternmost Diablo Range (between SP4 and SP8).

Summary

The interpretation of this combined data set i1lustrates the advantages of
utilizing seismic refraction data for velocity control and seismic reflection
data for structural control. The two data sets are highly complimentary, and
can be jointly interpreted.

Based on the experience gained from the present data we have identified
some improvements which could be made in future reflection/refraction
investigations. The first is to use smaller shotpoint and recorder intervals
along the refraction profiles. The shotpoint spacing of ~25 km and recorder
spacing of ~1 km along the SJ-6 profile is too large to adequately resolve the
velocity structure in areas of strong lateral velocity inhomogeneities (e.g.
the Kettleman Hills). Ten kilometer shotpoint spacing and 250 meter recorder
spacing would provide much better velocity control and would greatly improve
the ability to correlate the refraction velocity structure with the observed
reflection structure. An additional need is for cross lines parallel to the
geologic strike to better constrain the velocity structure along the SJ-6
profile. Cross lines in the Diablo Range, Kettleman Hills, and San Joaquin
Valley are needed to constrain the lateral changes in the velocity structure.
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Possible evidence in the seismic data of profile SJ-6 for subducted sediments
beneath the Coast Ranges of California, USA

Anne M. Trehu and Walter H. Wheeler*, IV
U.S. Geological Survey, Woods Hole, MA 02543
*Department of Geology, Duke University, Durham, NC 27708

Introduction

The studied section of the SJ-6 seismic refraction/reflection profile
extends from the Pacific Coast near Morro Bay northeastward across the Coast
Ranges to the San Andreas Fault near Cholame (Line 1, Fig. la). The primary
objective of this study was to reprocess the VIBROSEIS data, which was
originally processed as a 6-second record section, to yield a 14-second record
section, and then, use this expanded reflection section to constrain the
crustal structure for our 2-D ray-trace modeling of the seismic-refraction
traveltime data (Fig. 1b).

Geologic Setting

A comprehensive review of the geology of this region has been presented by
Page (1981) and is summarized in Figure 1. The western portion of the line
SJ-6 crosses the Santa Lucia Range which is comprised of Mesozoic Franciscan
assemblage locally overlain by pockets of Jurassic ophiolite and Great
Valley-type sediments. We will refer to these rocks collectively as the San
Simeon/Stanley Mountain (SS/SM) terrane (Champion and others, 1984), Eastward
along profile, the Nacimiento and Rinconada Fault zones separate the SS/SM
terrane from the Salinian Block, a terrane of granitic plutons similar in age
and composition to the Sierra Nevada batholith which are locally overlain by a
sequence of Miocene and younger sediments. The San Andreas Fault bounds the
Salinian block on the east separating it from the Diablo Range which is
comprised of Franciscan assemblage overlain by Great Valley Sequence and
younger sediments. The Franciscan and Great Valley rocks show characteristics
suggesting formation in an accretionary wedge-forearc basin environment. Most

of the fore-arc basin analogue is missing in the terranes exposed west of the
San Andreas Fault.

Reflection Data

The reflection data were acquired and originally processed by Western
Geophysical Co. in 1981. A 48-channel, split-spread geometry was used with a
station spacing of 67 m and an initial source-receiver offset of 268 m. This
yielded nominal 24-fold coverage with a maximum offset of 1811 km, but some of
the 1ine was recorded along winding roads, so the actual fold coverage is
quite variable. Twenty-six seconds of data were recorded from a 20-second
VIBROSEIS upsweep containing frequencies ranging from 10-52 Hz, yielding a
6-second two-way time record.

These parameters are not ideal for deep crustal studies, for which one
would prefer a longer record to image the lower crust and upper mantle and a
larger maximum offset to better resolve velocities in the middle and lower
crust. However, because the data were collected with a upsweep, we were able
to append 8 seconds of zeros to the end of the field data and recorrelate this
augmented data set with the source sweep to obtain a l4-second record (e.g.
Okaya, 1985). Using this method, the high frequencies of the source are
ﬁrogressiver lost in the correlated records as time increases beyond 6 s.

evertheless, for the 20-second sweep used in this experiment, a signal
frequency band of 10-40 Hz remained at a time of 14 s. We considered this
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bandwidth adequate for studying the lower crust because the lower crustal
reflections observed in the VIBROSEIS data contain primarily 10 to 20-Hz
energy.

After recorrelation, the data were sorted and static corrections were
applied using the velocities derived from the refraction results. The datum
is 300 m, the average elevation of the 1ine. Normal moveout (NMO) corrections
for events in the upper 3-4 s of the data were determined from visual
comparison of the NMO obtained from a series of velocity functions. For the
deeper structure, and in places where no clear shallow reflectors could be
observed, the velocities suggested by the refraction data were used instead.
With the maximum offset being 1.8 km, the NMO of any lower crustal reflection
is insensitive to the velocity assigned to the lower crust.

Figure 2 shows a 1ine drawing of our reprocessed seismic reflection
section. On the west side of the section (km 0 to km 25), no continuous
reflectors are observed beneath the San Simeon terrane, but a band of
sub-horizontal, discontinuous reflectors is seen between 1 and 2 s. The
significance of these reflectors, is not understood at present. Farther east,
between the Rinconada and San Andreas faults, the sedimentary section
overlying the Salinian Block has well-defined reflectors. This section
thickens eastward to ~2 s two-way time and shows both faulting (km 41) and
infilling (km 52) above an irregular basement surface. Within this basement a
band of westward-dipping reflections is observed at ~4-6 s (km 48 to km 61).
These are similar to reflections observed in several other reflection profiles
across granitic batholiths and are interpreted to represent the base of the
Salinian batholith (Lynn and others, 1981).

Below the proposed base of the batholith is a band of eastward-dipping
reflections observed from ~5-6 s at km 33 to ~9-10 s at km 56. An example
from this band of reflections can be seen Figure 3. Note the wedge-shaped
structure at about ~8 s beneath km 45-50. The interpretation of these
reflections will be discussed jointly with the interpretation of the
refraction data. The band of reflections terminates abruptly both on the
western and eastern flanks on the Salinian block, approaching the Riconada and
San Andreas Fault zones, respectively. We suspect that this indicates a
difference in the propagation characteristics of the shallow crust between the
Franciscan and Salinian terranes rather than the absence of deep reflectors.
Because the termination of the deep reflections corresponds to a sharp
increase in the frequency of the background noise level, a change in the
recording environment probably also contributes to the poor signal/noise.

This interpretation is supported both by the absence of a hyperbola of
diffracted energy which would be expected if a distinct reflector ended
abruptly and by the refraction data discussed below.

Refraction Data

A total of 93 vertical-component seismographs, spaced ~1.2 km apart, were
used to record four shots along this section of profile SJ-6 (Fig. 1b). The
experimental parameters and data are presented in Walter and Murphy (1984).
We modeled the traveltimes observed from the four shotpoints using a 2-D
ray-tracing computer algorithm (Tervedy and others, 1977). For a given
modeling iteration, rays were traced from the sources through a laterally
varying velocity structure, their calculated traveltimes were compared to the
observed travetimes, and then, the velocity structure was modified so as to
improve the agreement. The record sections for all four shots, together with
the traveltimes calculated using our final velocity model, are shown in Figure
4a. Our final velocity model is presented as isovelocity contours in Figure
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4b. Ray-paths from shotpoint (SP)1 and the approximate positions of the major
reflections observed in the VIBROSEIS data are also superimposed on the model
shown in Figure 4b.

Yelocity model

On the west side of the model, the velocity in the upper 5 km of the San
Simeon/Stanley Mountain terranes is well-constrained by the reversing
traveltime curves of SP1 and SP2. The data indicate a strong velocity
gradient of about 0.25 s-1 with a near-surface velocity of 4.3 km/s. In the
central part of the model, the velocities (2.8-5.0 km/s) in the sedimentary
section overlying the Salinian basement were determined from the reflection
data. The refraction data of SP2 and SP3 indicate that the velocity of the
Salinfan basement increases rapidly to about 6.0 km/sec at ~4.5 km depth.

Deeper in the crust, the prominent low velocity zone (LVZ) extending
beneath both the San Simeon/Stanley Mountain and Salinian terranes is based
primarily on large-amplitude late arrivals from SP1 which we interpreted to be
wide-angle reflections from the base of a LVZ (phase A in Figure 4a). The
eastward-thinning of this LVZ is inferred from the eastward-dipping band of
reflections observed in the re-processed reflection records. Using velocities
obtained from both data sets to convert the reflection time section into a
depth section, we find that the calculated depth to the top of the band of
reflections is consistent with the depth at which the velocity decreases from
5.5 km/s to less than 5.0 km/s in the refraction model (Fig. 4b). The
eastward thinning of this LVZ does not significantly alter the calculated
range at which the reflection phase A is observed from SP1, but helps explain
why this phase is not observed from SP2, SP3, and SP4. Also, the fact that
phase A was not observed in the data of a previous refraction survey recorded
along the axis of the Salinfan block (1ine 4 in Figure la, Stewart, 1968;
Walter and Mooney, 1982) suggests that this LVZ pinches out to the east.

Even so, arrivals similar to those of phase A are observed in the data of
several refraction profiles recorded parallel to the axis of the Diablo Range
east of the San Andreas Fault (1ines 2 and 3 Fig. la; Bllimling and Prodehl,
1983; BlUmling and others, 1985). These arrivals are observed at greater
ranges than those of phase A and their amplitudes are smaller (Figure 5a).
The velocity-depth function (Figure 5b) derived by interpreting these arrivals
as wide-angle reflections from the base of a LVZ under the Diablo Range
(Blumling and Prodehl, 1983) has an LVZ that is both deeper and higher in
average velocity than that modeled from phase A.

The velocity modeled within our eastward tapering LVZ, 4.5-5.0 km/s, is
typical of unmetamorphosed sedimentary rocks, especially if the pore pressure
is high. Since an inactive trench is located ~150 km off the western end of
the reflection profile (Page and others, 1979), we propose that the LVZ is a
wedge of sediments that was subducted landward from this trench. That the
subduction of sediments is to be expected under certain conditions of pore
pressure has been suggested on the basis of theoretical models of subduction
zone mechanics (Davis and others, 1983; Wang and Shi, 1985). Although the
maximum thickness of our proposed subducted wedge, 7 km (3 s), 1s thicker than
the layers of subducting sediment observed in active subduction zones, we
assume these sediments were imbricated after subduction, thickening the wedge
in the manner described by Silver and others (1985). Subduction of sediments
may also explain the LVZ reported beneath the Diablo Range (Blimling and
Prodehl, 1983), although there, the relationship to subduction is further
obscured by the strike-slip displacement along the San Andreas Fault.
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East of the proposed wedge of subducted sediments, two other LVZs were
introduced into the velocity model to explain the large-amplitude late
arrivals from SP1 and SP2 observed at stations recording immediately east of
the San Andreas Fault (phase B Figure 4a). In order to focus and delay the
seismic energy arriving at these stations, the model requires both a
depression of the velocity contours beneath the San Andreas and a velocity
decrease from 6.4 to 6.1 km/s below the westward dipping reflections (4-6 s)
in the Salinian block. The most probable explanation for the lowering of the
velocities across the San Andreas Zone is the presence of fault gouge (e.g.
Wang and others, 1978; Mooney and Ginzburg, 1986), but the cause of the the
velocity inversion modeled in the Salinian block is less certain. One
possibility, suggested by Stewart (1968) and Page (1981) is that the Salinian
batholith is thrusted over the lower-velocity Franciscan Assemblage. More
modeling, including modeling of the seismic amplitudes is needed to establish
both the vertical and horizontal extent of the LVZs and their relationship to
the tectonic history of the region.

Discussion
It must be noted that the proposed subduction model is almost certainly a
gross oversimplification. A troubling aspect of the velocity model (Fig. 4b)
s that it is necessary to impose a velocity of 8.0 km/sec immediately below
the east-dippin% LVZ in order to match the range and arrival time of phase A.
Rather than implying that the oceanic crust has somehow been removed, this
more probably reflects an error in the model. Although we were unable to find
a model that had a velocity characteristic of oceanic crust (6.8-7.2 km/s)
beneath the wedge, it was not possibie to test all possible models and there
may still be a reasonable combination of wedge geometry and velocity that will
match the data and permit oceanic crust to underlie the low-velocity wedge.

Nevertheless, our interpretation of the prominent eastward-thinning LVZ as
a subducted sedimentary wedge is supported by the interpretations of several
seismic reflection profiles recorded across active trenches. For example, off
the coast of Alaska and Barbados, 1-s thick layer of sediments appears to be
subducted beneath a decoliment zone (Westbrook and others, 1982; McCarthy and
Scholl, 1985; von Huene, personal communication), and under Vancouver Island,
~200 km landward of an active trench, a 2-s thick underplated zone is inferred
to overlie the downgoing crustal plate (Yorath and others, 1985). Other
evidence for underplating is provided by seismic refraction data recorded
across the Chugach and Peninsular/ Wrangellia terranes of Alaska 150-300 km
landward of the active trench. These data indicate a series of high and Tow
velocity zones interpreted to represent stacked slices of subducted oceanic
crust and upper mantle (Page and others, 1986).

At the latitude of the SJ-6 profile, the tectonic regime of central
California changed from the subduction to strike-slip about 20 my ago
(Atwater, 1970; Page and Engebretson, 1984). Assuming that subduction ceased
20 my ago and that the subduction rate was 5 cm/yr, the toe of the wedge would
have an age of at least ~ 23 my. Yet, observed recent faulting and seismicity
on the Santa Lucia Bank (Fig. la), located landward of the filled trench,
su 8est that some subduction may even be occurring at present (McCulloch,
1980). If true, this would permit a slightly younger age for the sediments.

Given the uncertainties in the age (~23 m.y.) of our inferred sedimentary
wedge and the uncertainties about the thermal and mechanical environment in a
subduction zone, we cannot evaluate what degree of metamorphism to expect.
Thermal models of subduction zones suggest that sediments may be dragged to
great depth without undergoing significant metamorphism, depending on both the



position in the wedge and subduction rate (Cloos, 1982; Wang and Shi, 1984),
Although the velocities of 4.5-5.0 km/s modeled in the wedge at depths of
burial of 14-21 km seem low, seismic data from the heavily sedimented Atlantic
continental margin (e.g. Sheridan and others, 1979) indicate velocities of
about 5-5.5 km/s at a depth of about 10 km for clastic sediments that are
presumed to be of middle Jurassic age (150-170 m.y.).

Another aspect of California geology to consider in evaluating the
subduction model is the possibility of large strike-s1ip offsets along faults
west of the San Andreas Fault. In fact, although the recent offset along
onshore strike slip faults west of the San Andreas Fault appears minor (Page,
1981), strong evidence exists for 80-120 km of displacement during the
Pliocene along the offshore Hosgri Fault (Hall, 1975; Graham and Dickinson,
1978). The effect of this offset on the model proposed here is uncertain.
Although it might invalidate the projection of the wedge across the Hosgri
Fault to the seafloor, it is also possible that the subduction zone was
continuous and approximately parallel to the Hosgri Fault, then the
strike-s1ip offset would not noticeably affect the observed depth to the
subduction decollement plane. An additional possibility is that surficial
strike-s1ip motion was decoupled from the deeper structure below the
decollement.

Our modeling also did not adequately resolve the nature of the fault
boundary between the San Simeon and Salinian terranes. Although the abrupt
termination the reflections east of the surface trace of the Riconada Fault
might be interpreted to indicate a vertical boundary, we argued above that we
believe this to be an artifact of decreased signal/noise. The presence of the
westward-dipping reflectors at ~ 4-6 s in the Salinian block together with the
underlying LVZ modeled from the refraction data suggest sub-horizontal
thrusting has occurred at depth.

Conclusion

The seismic data recorded between Morro Bay and the San Andreas Fault
suggest the possibility of subducted sediments beneath Coast Ranges of
California. A more definitive answer must await new reflection and refraction
data, especially from the offshore region.
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Figure Captions

Fig. la Map of central California showing the locations of the geologic
features and the seismic profiles referred to in the text (geology
adapted from Page, 1981). Symbol key: SN, Sierra Nevada; GV, Great
Yalley; DR, Diablo Range; SB, Salinian Block; SS, San Simeon terrane;
SAF, San Andreas Fault; S-NF, Sur-Nacimiento Fault; HF, Hosgri Fault;
SLB, Santa Lucia Bank; FT, filled trench,; TR, Transverse Range.

Line 1 is the section of the seismic profile SJ-6 modeled in this
study; 1ines 2-4 are other seismic refraction profiles refered to
this paper. The box outlines the study area shown in more detail in
Figure 1b.

Fig. 1b Expanded map of the study area outlined in Figure la. Map shows the
geologic features west of the San Andreas Fault and the locations of
the SJ-6 seismic reflection profile (bold 1ine), the refraction
shotpoints (stars) and the shot recording sites (dots).

Fig. 2 Line drawing of the unmigrated SJ-6 seismic reflection record section
between Morro Bay and the San Andreas Fault.

Fig. 3 Sub-section of the unmigrated seismic reflection data which shows the
wedge-shaped structure discussed in the text.

Fig. 4a True relative amplitude record sections of the refraction shots. The
ray traveltimes calculated using the velocity model shown in Figure
4b are shown as superimposed dots. The phases labeled A and B are
discussed in the text. :

Fig. 4b Velocity model derived by 2-D ray-tracing is shown with the ray
diagram of shotpoint (SP)1 superimposed. The velocity contour
interval is 0.5 km/s and the ray take-off angle interval is 0.5
degrees. Selected reflections observed on the reflection record
section are shown as dotted lines; their depths were calculated
assuming a constant velocity of 3.5 km/s in the sedimentary section
and a velocity of 6.0 km/s in the basement.

Fig. 5a Comparison of the record section of shot 1 with example record
sections from each of the two refraction profiles recorded east of
the San Andreas Fault (Blumling et al., 1985). Phase A is modeled as
a reflection from the base of a low velocity zone.

Fig. 5b Corresponding velocity-depth functions used to model phase A. The
velocity-depth function shown for this study is taken from our
velocity model (Fig. 4b) at a distance of 12 km east.
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Wave analysis and interpretation of the seismic-refraction data
recorded along the SJ-6 profile, California, USA

N. I. Pavlenkova
Institute of the Physics of the Earth, Moscow

Line SJ-6 strikes northeastward from Morro Bay to the San Andreas Fault,
from there, it strikes eastward across the Diablo Range and San Joaquin Valley
to the Sierra Nevada. Both seismic-refraction and seismic-reflection
(VIBROSEIS) data sets are available along line SJ-6. In this paper, the
seismic-refraction data are first analysed independently of the
seismic-reflection data in order to appraise the contribution of each of these
data sets to the derivation of the velocity structure.

Seismic-refraction data
The seismic-refraction wave field changes significantly along the profile
as manifested by the differences between the reversing traveltime curves of
the eight shotpoints (SP1-SP8). The degree of non-parallelism of the
overlapping sections of the traveltime curves, the sudden changes in the
apparent velocity (va) of first arrivals along the profile, and the

different patterns of latter arrivals indicate a complicated crustal structure.

The profile intervals from SP1 to SP4 and from SP4 to SP7 were recorded
separately, so they were analysed separately as profile I and profile II. The
analysis included the following steps: the correlation of the seismic phases,
the determination of their wave-type, the calculation of individual parameters
of a velocity model, the construction of a 2-D velocity model, and the
improvement of this model by iterative adjustments.

Correlation of seismic phases for profile 1

The profile extends ~90 km northeastward from SP1, and the northeastern-
most reversing shotpoint, SP4, is at a range of ~67 km. First arrivals are
easily distinquishable on the record sections to distance ranges of ~70 km,
‘but at greater ranges they are attenuated (Fig. 1). Travel-time curves for
the four shotpoints are shown in Figure 2.

The first arrivals were divided into two principal phases. The first is
observed at ranges of 5-15 km from the shotpoints and has apparent velocities
of 2.5 to 5.0 km/s. These velocities are gharacteristic of sedimentary rocks,
so this phase is denoted Pseq4. The second phase is observed at ranges from
5-15 km to 60-70 km and has an average velocity of ~6 km/s. This velocity is
typical of basement rocks, so this phase is denoted Ppag. The crossovers
from Pcaq to Phas are marked by arrows in Figure 2.

Di??erences between the traveltime curves of the four shotpoints are
evident in the apparent velocity of Pgeq and in the crossover distance
(dp) of Ppas. The minimum velocity of Pged (~2.5 km/s) and the minimum
dp (~5 km) are observed from SP3. As observed from SP1, SP2, and SP4, the
maximum velocity of Pgeq 1s high (~5 km/s), so it is more difficult to
determine dyp. Comparison of the reversing traveltime curves (Fig. 2)
reveals intervals where a change in the apparent velocity is associated with a
horizontal change in structure. For instance, the traveltimes are shifted by
local changes in the basement depth or changes in the velocities of the
sediments. The reversing traveltime curves for this profile do not show a
lateral change in the velocity of Pp,s.
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The secondary arrivals show greater differences between shotpoints. From
SP1, a large-amplitude phase with v, = 6.5-7.0 km/s arrives 2-3 s behind the
first arrivals. From the other shotpoints similar large-amplitude arrivals
were observed, but their correlation over many traces is often impossible. If
the traveltime curves of these larger-amplitude arrivals are grouped, a
definite regularity becomes evident, that is, the apparent velocity increases
as the offset from the shotpoint decreases.

Determination of wave-type

The shape of the reversed and overlapping traveltime curves can be used to
establish whether the first arrivals are head waves propagating along a
velocity boundary or refracted waves propagating in a high-velocity gradient
medium and whether the secondary arrivals are simple or mutiple reflections or
converted phases.

The most convenient means of the identifying the wave-type of the first
arrivals is measurement of non-parallelism of their overlapping traveltime
curves (Gamburzev and others, 1958). Near the shotpoints, the Pge
traveltime curves are not parallel, so they are best modeled as re?racted or
diving waves. Ppag traveltimes are practically parallel over the whole
registration interval, therefore, they can be modeled as head waves.

Identification of the wave-type of secondary arrivals is hindered by the
absence of reversed overlapping branches for them, but they are probably
reflections because the apparent velocities of these waves are higher than
those of the first arrivals, which is not the case for multiple reflections or
converted waves. The difference in the apparent velocities observed in
opposing directions from the shotpoints could result from the dip of a
reflecting boundary.

The resolution of the present data is not sufficient to determine what
causes the observed attenuation of the first arrivals at distance ranges
greater than 70 km. One plausible explanation is that a downward dislocation
of the basement surface causes not only a sudden delay of the arrivals ~80 km
northeast of SP4, but also the observed wave attenuation. It should be noted,
however, that the attenuation from SP1 is observed somewhat closer than from
the other shotpoints, so another possibility is a low-velocity layer deep in
the crust; its existence could be established if a much longer traveltime
curve were recorded westward from SP4,

Parameters of the velocity model for profile I

Because Ppag §s a head wave, the sediment-basement boundary was
constructed us?ng the method of t; and t, curves (Gurvich, 1975):

th=t1 +(T-t2)=t1-t2+7T

ti =t +(T-t2)=¢t1 +t2-T7T
where t] and t2 are the direct and reverse traveltimes of the wave Ppas
from SP1 and SP4 and T is the reciprocal time (Fig. 2). The dip of tﬁe line
t, is numerically equal to twice the velocity along the refracting boundary,
Vh = 6 km/s. The line tj characterizes the boundary topography and can be
used to calculate the refracting boundary depth H:

H = tivp/(2cos(i)) and sin(i) = vy/vh, where vy is the mean
velocity to the refracting boundary.

The depths of the basement reflectors were determined from traveltimes of
the secondary arrivals using the approximation: H= 1/2((tvy)2- d2)1/2,
where vp= (Vad/t)1/2, which was equal to 6.5 km/s on the average (Fig. 6)
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The resulting velocity model constructed along the profile has the
following major elements: 1) a sedimentary layer in which the velocity varies
from 2.5 km/s to 5 km/s; 2) a 6-km/s sediment-basement boundary which has
depressions at distance ranges of 30-60 km east and beyond 80 km east; 3) a
Tow velocity gradient within the basement; and 4) an eastward dipping
reflecting boundary deep within the basement.

Seismic phases of profile II

As with profile I, the first arrivals were divided into two phases: one,
associated with the sediments ,Pgeq, the other, with the seismic basement,
Pbas. Psed is observed up to 20 km from the shotpoints and its traveltime
curve shows a curvature indicative of a high velocity gradient. The apparent
velocity of Pgaq increases from 2.2 to 4.6 km/s at SP5 and SP6 and from 4.0
to 5.0 km/s at SP4 and SP8. True velocities can be estimated by solving the
1-D inverse problem (V. Yu. Burmin, 1980).

The apparent velocity of Ppag also varies along profile. For eastward
propagation, the apparent veloc?ty gradually increases from ~6 km/s at the
basement crossover to ~6.5 km/s at a range of ~70 km. At still greater
ranges, Va increases up to -9 km/s. For westward propagation, no velocit
data is available from SP7, but the reversing traveltime curves recorded from
SP5 and SP6 require the velocity just below the sediment-basement boundary to
be less than 6.5 km/s. In addition, a vertical velocity gradient must exist
within the basement because these traveltime curves are not parallel.
Consequently, on the western side of the profile, Ppas is a refracted wave
rather than a head wave.

The complicated character of the reversed and overlapping traveltime
curves (Fig. 3) made it necessary to apply the method of reduced traveltime
curves (Pavienkova, 1979) to permit the separation of the effects of the
horizontal and vertical inhomogeneities. Fig. 4 shows the reduced traveltimes
of profile II plotted at half their distance from the source (d/2) The
figure also shows both the envelopes of the traveltime curves and the lines of
the time field (N.N. Puzyrev). The former are the lines joining the intercept
times ti(x, v,) for a given v, and are used to determine the depth to
Vpes the latter are the lines joining traveltimes at the same source
distance, t(x, d=const) and qualitatively reflect the variabitity of the
velocity section along the profile at depths above that of V.,

The 1ines plotted in Figure 4 show that the velocities in the upper part
of the crust diminish from SP4 to SP5 and increase from SP6 to SP7. A
westward dip of the basement is supported by the shape of the envelope
ti(x,Vp = 6.5) at the eastern end of the profile and by the fact that the
traveltimes for a given d=constant are smaller at SP4 than at SP5 and SP8.

Low-velocity zone

A local low-velocity zone within the sedimentary section is suggested by
the records of SP8 and SP5 (Fig. 3). On the record section of SP8, first
arrivals observed at ranges 15-20 km east are attenuated and followed by
secondary arrivals delayed by ~1 s. Similarly, on the reversing record
section of SP5, the first arrivals observed over approximately the same
section of the profile are delayed. These delays are not likely the result of
a lateral change in the velocity structure because the reversing shotpoints
would show opposite time offsets. The delays are best attributed to a
low-velocity layer located between SP8 and SP5. Although the first arrivals
from the other shotpoints do not show large delays over the postulated range
of the low-velocity zone, a multiple-refraction recorded westward from SP6



108

does have a 0.5 s offset in its traveltime curve. The ratio of the reduced
first-arrival times after the offset (the shadow zone) and the intercept time
envelopes suggests the velocity inversion 1ies above the basement (the 6.0 and
6.5-km/s velocity contours).

On the record section of SP4, a delay of the first-arrival traveltimes and
an accompanying reduction in the wave amplitude is observed at 13-18 km
distance. However, the reversing first arrivals from SP5 and SP6 advance
across the same region, so a lateral change in the local velocity structure
rather than a lTow-velocity zone is the most probable cause.

Secondary arrivals and multiples

The major peculiarity of the secondary arrivals is the practical absence
of phases with apparent velocities larger than the velocities of first
arrivals. This implies an absence of deep reflectors. The shape of the
traveltime curves of the secondary phases permits their definition as multiple
refracted and reflected head waves. Close to the shotpoints, the multiples
are curved and correspond to waves propagating in the high vertical-velocity-
gradient medium (multiple refractions). At farther offsets, the multiples are
parallel to the basement first arrivals and correspond to waves propagating
along the basement surface after reflection between the basement and ground
surface (reflected head waves).

For the nth multiple refraction, the traveltime at a distance d is n
times the first-arrival time at the distance of d/n. The apparent velocities
of these waves are always less than those of the first arrivals and they
gradually depart from them with the distance. For the reflected head waves,
ti is twice as large as for the initial head waves. The critical point of
the reflected head wave and the traveltimes of the multiple refractions
provide additional constraints on the depth and velocity of the basement
boundary across the model.

Parameters of the model for profile II

Figure 5 presents the 1-D velocity-depth solutions derived from the
analysis of the traveltime curves. Examination of Figure 5 shows the
following structural elements:
1) The velocity in the sedimentary section increases rapidly with depth from
2.0 to over 5.0 km/s, and it is laterally heterogeneous, increasing from east
to west along the profile.
2) A low-velocity zone exists in the sediméntary strata between SP5 and SP8.
3) Between SP5 and 7 the velocity contrast at the sediment-basement boundary
is large and the boundary rises to the east.
4) The velocity in the basement increases rapidly with depth from 6.0 to 6.5
km/s and then gradually increases with depth to not more than 7.0 km/s.

Construction of the 2-D models for Profiles I and Il

After careful analysis of the wave fields, the 1-D solutions were used to
construct 2-D models for both profiles. These initial models were then
improved by iterative ray-tracing for two iterations. At the end of the
second iteration, all of the calculated traveltimes were within 0.18 s of the
observed traveltimes.

It is interesting to compare the final 2-D velocity models (Fig. 6 and 7)
with the one dimensional solutions (Fig. 5). If the ray penetration depth is
still on the order of length of the traveltime curve, such as for the upper
part of the model, the 1-D solutions give a fair representation of the
velocity change with depth. But if the length of the traveltime curve is ten
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times the depth of the ray penetration, the horizontal inhomogeneity strongly

distorts the 1-D solutions (Fig. 5); for example, the high-velocity boundaries
(V ~8 km/s) found at depths of 5 and 7 km in 1-D solutions of SP5 and SP6 are

meaningless.

Discussion of results
The accuracy and resolution of the velocity models presented here can be
appraised by comparison with the seismic-reflection data (common depth point
technique) as well as with velocity models derived by other authors using the
same refraction data.

Comparison with the seismic-reflection survey along l1ine SJ-6

In Figures 6 and 7, some of the boundaries revealed in seismic-reflection
data are superimposed on the refraction models of profile I and 1I; this was
accomplished by converting the two-way reflection times to depths using the
velocity structure of the appropiate refraction model. Note that the overall
shapes of the reflection boundaries correlate with the shapes of refraction
boundaries (velocity isolines). For example, at the western end of profile I,
a steeply east-dipping event on the reflection section correlates with the
reflecting boundary constructed at a depth of ~30 km in the refraction model
(Fig. 6). This boundary may be the Moho, but it is not proved, because the
maximum range of the recorded refraction data is less than that predicted for
Pnp first-arrivals. Along profile II (Fig. 7), the boundaries in the
refraction model are more gently dipping than those observed in the the
reflection cross-section. The discrepancy is most obvious in the region of
the steep folds where the velocity isolines show only slight deflections.

The above the comparison demonstrates that refraction and reflection
studies supplement one another. The seismic-refiection (CDP) sections show
structure at shallow depths in great detail, particularly folds and faults,
and the refraction records reveal the 2-D velocity distributions for these
structures. More importantly, the refraction method yields important
structural data deep in the crust where the seismic-reflection data is
inherently less clear. For example, the refraction data on line SJ-6 reveal
an essential difference in the composition or the degree of metamorphism in
the basement on profiles 1 and I1 that cannot be discerned from the reflection
data.

Comparison with other author's velocity models

A comparison of the velocity models presented in Figures 5 and 7 with
those constructed by Kostyukevich and others (this volume) and by Mishenkina
(this volume) shows that they differ principally in the presence or absence of
Tow-velocity layers in the sedimentary section on the west end of profile 1I.
Although it is difficult to interpret the wave pattern from SP8 without a
low-velocity zone between SP8 and SP5, in Mishenkina's model the low velocity
zone is absent and in Kostyukevich's model, a 1ow-velocity zone is instead
shifted westward between SP4 and SP8. The westward shift is based on a delay
of the first arrivals east of SP4, but this delay, as discussed above, is
better explained by a lateral change in the near-surface structure west of
SP8. Another problem with Kostyukevich's model is the high velocity gradient
between the 6.5 and 8.0-km/s velocity contours because the observed curvature
of the overlapping traveltime curves supports a lower velocity gradient in the
crust below the 6.5-km/s boundary.
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Conclusions

The iterative interpretation of the data using the available computer
algorithms produces a great number of details (sharp bends of velocity
isolines, local inversion zones) in the velocity model thereby making it
difficult to distinguish the uniform structural elements. Consequently, the
most important stage in the interpretation of refraction data is the correct
qualitative correlation of the phases from common structural elements, and not
the quantitative determination of the absolute parameters. For both the
qualitative and quantitative stages of the modeling, the wave-type and the
amplitude characteristics of the waves need to be taken into account.
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Figure Captions

1 Record sections for shotpoints SP1 and SP2 of profile I.

Fig. 2 Travel-time curves for shotpoints SP1-SP4 of profile I. a) t(d),

absolute traveltimes as function of distance; b) tped, traveltimes

reduced using Vyped=6.0 km/s. The 1ine ti shows the intercept
times, the line at characterizes the boundary velocity (6.0 km/s)

Fig. 3 Record sections for shotpoints SP5, SP6 and SP8 of profile II. The
possible "shadow zones" resulting from a velocity inversion are
marked.

Fig. 4 Travel-time curves for shotpoints SP4-SP8 of profile II. a) t(d),
absolute traveltimes; b) tped(d/2, Vyed=6.5 km/s), traveltimes
reduced using Vpeq = 6.5 km/s are plotted at half the distance
range.

Fig. 5 1-D velocity solutions derived for.shotpoints SP4, SP5, and SP6
compared to the 2-D velocity solution (Fig. 7).

Fig. 6 Velocity cross-section derived for profile I (thick lines are seismic
boundaries.

Fig. 7 Velocity cross-section derived for profile II (dotted lines are

seismic boundaries observed in the seismic-reflection time-section)
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Crustal velocity structure along the SJ-6 seismic profile, California, USA

A. S. Kostyukevich, E. P. Baranova, and V. G. Kozlenko
S. 1. Subbotin Institute for Geophysics, Academy of Sciences,
Ukr. SSR, Kiev, USSR

Two end-to-end seismic-refraction profiles comprise line SJ-6 (Fig. 1):
one profile (CAL-1) extends eastward from the Cholame Valley to the Sierra
Nevada through five shotpoints: SP4, SP8, SP5, SP6, SP7; the other (CAL-2),
extends northeastward from Morro Bay to Cholame Valley through four
shotpoints: SP1, SP2, SP3, and SP4).

Method of analysis

Crustal velocity models for the two seismic-refraction profiles were
constructed using the traveltime curves of the first arrivals and the LINKMOD
computer algorithm (Baranova and others, 1984). The algorithm, which is based
on the concept of seismic tomography, iteratively solves the inverse
linearized 2-D kinematic problem of seismics. For a given velocity model,
Vi, where i is the step index, a system of rays, Ri, 1s calculated from
each source of excitation over the entire range of observation (a direct 2-D
kinematic problem). From these calculations a set of equations are then
derived for the velocity anomalies in the discrete volumes of the
cross-section under study (AT 5, § being the volume index). Linearization
results from the assumption that the geometry of the ray system, R1, {s
independent of Al ;. The simultaneous use of the whole ray system Ri,
and correspondingly, of all first-arrival times, imposes a limitation on the
values Al j in various portions of the cross-section. The resulting
matrix of anomalous velocities (Af) {s employed by the interpreter to
comgile the next approximation of the velocity cross-section: Vi+Al ,
Vi*l  Modeling iterations continue provided that the process keeps
converging, that is, the anomalous velocity values in A; decrease as i
increases.

Results of analysis

Authors Kostyukevich and Baranova independently modeled the first-arrival
traveltime data selected from the shot records by author Kozlenko. A1l
modeling was stopped at the end of the sixth iteration, and the resulting 2-D
velocity models for the two profiles were tied together at SP4 to obtain
alternative composite models for 1ine SJ-6. Figures 2 and 3 present the
velocity model derived by Kostyukevich (M6K) and Figure 4 that of Baranova
(M6B). Within the accuracy of the velocity.contours, the structural features
of model M6K (Fig. 3) are similar those of model M6B (Fig. 4) with two
exceptions: a velocity inversion present between SP4 and SP8 in model MéK is
not implicit in model M6B, and the 7.0-km/s velocity contour subhorizontal at
~20 km depth in M6K parallels the eastward rise of the basement surface in
model M6B. The first-arrival traveltimes calculated using model M6K (Fig. 3)
have a standard deviation of 0.12 s and a maximum deviation of 0.18 s from the
observations. Those calculated using model M6B (Fig. 4) have a standard
deviation of 0.09 s and a maximum deviation of 0.22 s.

References
Baranova E.P., V.G. Kozlenko, and A.S. Kostyukevich, 1984, Interpretation
of data set I by ray approximation.- Report 258 Bureau MRGG, Camberra, p.
90-95.



Fig. 1

Fig. 2

Fig. 3
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Figure Captions

Composite velocity model derived for the line-sections CAL-1 and
CAL-2 after the first step of solving the inverse kinematic problem.
Number key: 1, initial model contours vp(z) in km/s; 2, contour
1ines and boundaries in the model of the next approximation, vi(z).
Kostyukevich's composite velocity model for 1ine SJ-6 at end o* the
sixth iteration (model M6K). Number key: 1, velocity boundaries; 2,
contour 1ines; 3, abrupt offsets of the contour and boundary
positions.

Figur5 2 model with velocity contours. Numbers are velocity values
in km/s.

Baranova's model (model M6B) with velocity contours.



I 8unbi4

(} E* \I
09— g g i{
08 ¢ —09—

120



121

2 24nbi4

}

0'9

.E*.

o¢




122

wy'n

€ ainbi4

Uy N
0f

of

0%




123

¢ ainbi4

wy ._r
wy ‘N




An interpretation of the velocity structure between Cholame Valley and
the Sierra Nevada, California, USA

Z. R. Mishenkina
Institute of Geology and Geophysics, Novosibirsk, USSR

An upper-crustal velocity model for the ~105-km section of 1ine SJ-6
located between Cholame Valley and the Sierra Nevada was constructed using the
first-arrival traveltime curves of five shotpoints: SP4-SP8 (Fig. la). The
longest of the traveltime curves extends ~120 km eastward from SP4, but the
easternmost reversing shotpoint, SP7, had a very weak signal, so the longest
reversing curve extends ~70 km westward from SP6.

Seven apparent velocity branches (v*) were distinguished in the first-
arrival data (Fig. la), but the intervals over which the velocities are
observed are relatively short, 3-15 km. The set of observations is incomplete
and it does not permit clear detection and correlation of every velocity
branch along the profile, thus making it difficult to determine correct layer
velocities and interface depths.

Although accurate determination of the layer velocities and thicknesses is
impossible, the available data were used to determine a schematic velocity
cross-section (Fig. 1b). The depths of six velocity interfaces were computed
under the assumption that the model can be approximated by a series of
homogeneous layers bounded by horizontal interfaces. The velocities in the
upper 3 layers were equated to the average values of the observed apparent
velocities and the velocities in the lower four layers were determined by the
formula 1/v = 1/2(1/5y + 1/¢y)

In the schematic model shown in Figure 1b, the sedimentary section is
represented by a series of five layers with velocities of 2.0, 2.5, 2.9, 3.6,
and 4.5 km/s, respectively. The three uppermost layers thin westward of SP5
with the 3.6 and 4.5-km/s layers approaching the surface near SP4. The
4.5-km/s layer thins rapidly east of SP8. The basement is comprised of two
layers: a 6.4-km/s layer above a 6.9 km/s-layer. These layers rise eastward
toward SP7.

An alternative velocity cross-section for the profile interval x = 10-90
km (where x = 0 is SP4) was constructed in terms of isovelocity lines by
modeling the traveltime curves as continuous refractions rather than as seven
separate head waves. The modeling was accomplished using the computer program
INVERS (Mishenkina and Krylov, 1983; Mishenkin and others, 1983)., This
program is based on a 1inearization method developed for converting the
refraction time field t(x,1) into a velocity cross-section v(x,z), where x is
distance along 1ine of observation, 1 is the distance between shotpoint and
station, and z is the depth. The time field (Fig. 2) was built from the
first-arrival traveltimes using discretization intervals of x=10 km and 1=5
km. In this time field, the lines t(x,1=const) qualitatively characterize the
velocity fsoline form, that is, the distances between the lines determine the
layer velocity. It is to be pointed out that because the average interval
between the shotpoints is ~27 km, the traveltime data do not have the the
resolution of the chosen discretization of the time field. Thus, the
cross-section shown in Figure 3 gives only an approximate presentation of the
gross features of the 2-D velocity distribution.
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Fig. la

Fig. 1b

Fig. 2

Fig. 3

Figure Captions

First-arrival traveltime curves from the five shotpoints (SP4-SP8)
located on the Cholame Valley-Sierra Nevada section of 1ine SJ-6.
Number Key: 1-8, separate head waves; 9, reversed intervals; 10,
observation intervals of the same phases; 11, value of apparent
velocities, km/s.

Schematic seismic-velocity cross-section between SP4 and SP7 assumes
7 homogeneous layers. Number key: 12, layer interfaces; 13, layer
velocities in km/s.

First-arrival time field t(x,1). Figure shows the lines 1= constant,
the traveltime curves t(1), and the inverse of the time field
gradient labeled in km/s (the layer velocity).

Velocity cross-section v(x,z) between SP4 and SP7 constructed from
the time field t(x,1) shown in Figure 3. Velocity isolines are
labeled in km/s.
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Image processing of seismic-reflection data
from line SJ-6, California, USA

Akira Ikami
School of Science, Nagoya University, Nagoya 464, Japan

This paper reports on an image analysis of a sample of seismic-reflection
data from line SJ-6. The data was available only in paper record-section
format, so the reflection image was digitized with an optical scanner. At a
given sample point, the output of the scanner was reduced to two levels (0 and

); one binary word of computer memory contained information on 16 image
points.

The algorithm adopted for processing the image is simple: first, the data
points are stored in a matrix A(i,j), where i is taken from top to bottom and
J, from left to right. The matrix elements have values of 0 or 1 to
respectively indicate & Tow inter-signal level or a high intra-signal level.
The algorithm then uses a second matrix, B(i,j), to store the transformation
of the image as follows: (1) where three continuous points in the j-direction
have high levels, the high level is expanded to include five points to
emphasize the horizontal continuation of the reflected signals, that is, if
A(i,3-1)*A(i,5)*A(1,5*1) =1, then A(i,j-2) to A(i,j+2) are set to high level;
(2) where one of three continuous points in the i-direction has a low level,
all three points are set to low level. This second step is carried out from
top to bottom, overwriting O or 1 on the matrix B(i,j), with the result that
the upper side of the high-level positions remain as they were, but the
high-level image becomes thinner because information is faded away from the
lower side of the reflection.

Figure 1 shows the successive transformations of the digital image: Figure
1(a) is the original data; Figure 1(b) the result after emphasizing horizontal
continuity (step 1); and Figure 1(c) to 1(f) the transformed digital images
processed by fading away the non-reflected waves (step 2) one, two, three and
four iterations, respectively.
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